Our study revealed that apical rotation of the left ventricle is greater higher in patients with coronary artery disease (CAD) during the peak and recovery stages of dobutamine stress echocardiography (DSE), which is in accordance with the limited data available in the literature.
INTRODUCTION
Ischemic heart disease is the leading cause of death in the Western world, hence the accuracy and safety of diagnostic methods [1] play a vital role in clinical practice. Dobutamine stress echocardiography (DSE) is a non-invasive method with an established diagnostic value. According to the European Society of Cardiology Guidelines on myocardial revascularisation, DSE is a class I diagnostic test in patients with an intermediate probability of coronary artery disease (CAD) and stable symptoms [2, 3] . However, the accuracy of DSE depends on the expertise of echocardiographer [4] . The subjective visual assessment of LV contractility has a significant percentage of false positive or negative results, prompting the search for quantitative parameters to support its diagnostic value.
Speckle-tracking echocardiography (STE) is a novel method of angle-independent
quantitative estimation of global and regional left ventricular function [5] [6] [7] , which may, in turn, improve the accuracy of DSE [8, 9] .
Aside from global longitudinal strain, which is frequently used to assess left ventricle (LV) function, two-dimensional speckle-tracking is used for the quantification of apical and basal rotations, as well as the twist [10] . The helical orientation of the myocardial fibres determines the counterclockwise rotation of the apex and clockwise rotation of the base, with mean normal rotation values of 6.9° for the base and 13° for the apex, and a mean normal value of 20° for LV twist [11] [12] [13] . LV twist is the net difference between the LV apex and base rotation [14] . Subtle LV dysfunction in subjects with CAD can be detected by a systolic twist and diastolic untwist of the LV around its long axis during the heart cycle [15] . Cardiac rotation around the long axis represents an important component of LV global systolic function [16, 17] .
Nevertheless, data concerning the significance of novel parameters of LV function are limited, especially in the DSE setting.
METHODS
The aim of this study was to assess the value of LV rotation and twist as additional quantitative parameters during DSE for the detection of CAD. We calculated and compared LV rotation at basal and apical levels and LV twist at the rest (T0), peak (T1) and recovery (T2) stages of DSE in patients with stable CAD (CAD group) and those without CAD (non-CAD group).
Additionally, in CAD group we assessed separately the subgroups with and without history of myocardial infarction.
Study population
Our study is based on group of 250 patients with angina submitted to DSE and then within a 12-week time frame to coronary angiography or computed tomography. 91 patients were included in the present study. For each patient, DSE was performed followed by an invasive angiography.
Patients were divided into two groups based on the results of the coronary angiography and visually assessed DSE: 43 patients with negative results of DSE who did not have significant coronary stenosis (non-CAD group; mean age 61 (10) years), and 48 patients with positive DSE and stenosis ≥ 50 % in the left main artery or/and ≥ 70 % in other epicardial arteries (CAD group; mean age 62 (9) years).
The exclusion criteria included any of the following: left bundle branch block, severe valvular disease, hypertrophic cardiomyopathy, or atrial fibrillation.
All patients filled out an informed consent form to participate in the study. Approval for the study was obtained from the Bioethics Committee under number RNN/119/10/KE.
The clinical characteristics of patients are presented in Table 1 .
Echocardiographic assessment
Echocardiography was performed using a commercially available echocardiographic system Vivid 7 and E 9. Images were obtained in the parasternal short axis at three LV levels; basal, mid, apical and apical 4-, 3-, 2-chamber views, with images taken at rest, at peak dobutamine infusion and during recovery. The echocardiographic assessment was done using the highest possible frame rate and achieving average 83 frame per second (FPS).
Next, quantitative analysis of left ventricular deformation was performed on an ECHO PAC workstation using 2D STE. The 18-segments model of LV was used for analysis.
We calculated and compared LV rotation at basal and apical levels and LV twist at the rest, peak and DSE recovery stages.
Left ventricular rotation was measured at the aortic valve closure as end-systolic parameters. Twist was calculated as the difference between basal and apical rotation according to the guidelines.
Dobutamine stress echocardiography
A dobutamine-atropine stress echocardiography protocol was performed. Dobutamine was intravenously infused in four 3-min stages, with the dose gradually increasing from 10, 20, 30 to 40 µg/kg/min. Atropine was added up to a maximum dose of 2 mg until the age-adjusted target heart rate was reached, calculated as 0.9 × (220 -age).
The stress protocol was terminated when induced wall motion abnormality, chest pain, abnormal blood pressure reaction, ischemic changes or arrhythmia were observed.
Coronary angiography
All patients in the study also underwent invasive coronary angiography within 12 weeks of undertaking the DSE. Significant coronary stenosis was defined as ≥ 50 % in the left main artery and/or ≥ 70 % in other epicardial arteries.
Statistical analysis
For categorical variables, data are presented as percentages and as means with standard deviation (SD), while the median and interquartile range (IQR) are presented for continuous variables depending on their distribution. Data distribution was tested using the d'Agostino test.
Student's t-test for independent variables or Mann-Whitney's U-test were applied to test for differences between groups. The categorical variable analysis was performed using the chisquare test, chi-square test with Yates's correction or Fisher's exact probability test. Pvalues less than 0.05 were considered statistically significant. All statistical analyses were performed using MedCalc version 12.0 and STATISTICA version 10.0.
RESULTS

Clinical and echocardiographic characteristics
Comparing the CAD group (48 patients, mean age 62 (9) years, 64.6 % males) and the non-CAD group (43 patients, mean age 62 (10) years, 32.6 % males), there were no differences in age, body weight, or the prevalence of diabetes mellitus or dyslipidaemia. Smoking and hypertension were more frequently observed in the CAD group (Table 1) .
Regarding the echocardiographic data, the LV ejection fraction was lower in the CAD group than in the non-CAD group (53.5 % vs. 59.7 %, p < 0.001), but the left atrium was larger in the CAD group (42 vs. 39 mm, p = 0.004; Table 2 ).
Impact of coronary artery disease on left ventricular rotation and twist during dobutamine stress echocardiography
All deformation parameters at rest were similar in both groups, although apical rotation at the peak stage of DSE was higher in CAD patients than non-CAD patients (Table 4) .
When comparing the changes (delta values) in apical and basal rotation and twist between CAD and non-CAD groups for all three stages of DSE, no significant differences were observed (Table 5 ).
In the separate analysis in the CAD subgroups with (19 patients) and without the history of myocardial infarction (29 patients) we found higher basal rotation at peak in patients without MI ( -3.8 (3.47) vs -1.25 (2.3), p<0.01) but other deformational parameters did not change, see table S1 in supplementary material.
Similarly, when compared non-CAD group with CAD group limited to patients without MI history, the only observed difference concerned higher apical rotation in CAD group at peak and recovery DSE stage, see table S2 in supplementary material.
DISCUSSION
The purpose of this study was to assess the impact of CAD on rotational characteristics during DSE. DSE is an accepted clinical test to detect CAD based on visually assessed regional motion abnormalities [5, 9, 18, 19] . However, the contractility analysis during DSE is subjective and is highly depended on the experience of the echocardiographer [20] . Rotation of the LV around its long axis is an important component of global LV systolic function [8] . Left ventricular twist is defined as the difference between rotation of the ventricular apex and base during systole [16] . Previous studies have primarily focused on investigating the myocardial deformation at rest, and there is very limited data about the impact of CAD on rotational parameters during a stress test [21] .
Key findings
The results of our study demonstrated that apical rotation at the peak and recovery stages of DSE was higher in CAD patients, whereas the basal rotation was higher (in absolute values) in the non-CAD group during the recovery stage. LV twist did not differ between the two groups.
Comparison of all deformation parameters between subsequent DSE stages for each group did not reveal any significant differences in rotation or twist.
Comparison with previous studies
Bansal et al. [22] compared patients with and without a previous myocardial infarction (MI) who had or had not exhibited ischemia during the DSE peak stage. They found that both ischemia and infarction had a greater impact on basal rotation than apical rotation. In their study, the deterioration of basal rotation was correlated with infarction size, expressed as the number of infarct segments. The reduction in basal rotation was more prominent in patients with ischemia compared to those who did not exhibit ischemia at the DSE peak stage. However, similar effects were not observed for apical rotation. As with the comparison of torsion (twist divided by LV length), the resting parameters were reduced in patients who previously suffered MI when compared to patients without previous infarctions (1.16 ± 1.15°/cm vs. 3.16 ± 1.3°/cm, p < 0.001), and these parameters were correlated with the infarction size. Torsion was not influenced by the induction of ischemia during DSE. Similar results were observed in a study by Peteiro et al. [23, 24] , who showed that basal rotation at peak exercise was impaired in patients with an ischemic response to exercise echocardiography on a treadmill (positive exercise test) and in whom CAD was confirmed by coronary angiography. Apical rotation and twist did not differ between patients with positive or negative exercise tests. Similar to our findings, twist did not differ between the CAD and non-CAD groups. As far as basal rotation is concerned, we observed significantly higher values in the non-CAD group during the recovery stage of DSE (-3.87 vs. -2.63, p = 0.03).
Some previous studies have focussed on the diagnostic and prognostic role of LV twist at rest as an indicator of cardiac performance [6, [25] [26] [27] .
Employing resting transthoracic echocardiography, Rasalingam et al. [28] found that apical rotation was increased in diabetic patients with significant CAD, observed in an invasive angiography test, compared to diabetic patients without CAD (14.9 (5.1°) vs. 11 (4.8°), p < 0.001). On the other hand, the LV ejection fraction was lower in patients with CAD but remained within the normal limits. Nevertheless, in our study, resting rotational parameters did not differ between groups, but the peak and recovery stages of DSE offered additional value for the differentiation between CAD and non-CAD group.
In the literature, numerous studies have highlighted the valuable diagnostic and prognostic role of LV deformation parameters.
In the previous studies by our group [29,30], we observed that global and regional LV peak systolic longitudinal strain were lower in CAD patients with diabetes compared with nondiabetic patients in all phases of DSE. However, diabetic patients without CAD showed impaired global longitudinal strain only during the recovery stage of DSE. Jang et al. [31] documented the impact of the extent and location of MI on LV rotational movements. Moreover, LV functional recovery after MI can be predicted by LV twist. These authors assessed deformation parameters at an initial examination, then again 3 days and 6 months after MI, and later divided patients into two groups based on the presence of LV remodelling at 3 days and 6 months after MI. They revealed decreased LV torsion (1.9°/cm) at the initial presentation, representing a significant predictor of later remodelling, expressed as an increase in LV end-diastolic volume of greater than 20 %.
Moreover, a study by Joyce identified that the change in LV twist during DSE could be used as a novel marker of contractile reserve. The stress-induced increase in twist during DSE was a marker of outcomes after MI, expressed as reverse LV remodelling [9, 32] . Liszka et al. 
Study limitations
The first limitation of our study was the small group of included patients. However, despite our data being primarily used to form hypotheses, we were still able to uncover some significant correlations. Secondly, the assessment of deformation parameters at peak stage was limited by the significantly elevated heart rates, which is one of the reasons that we chose to include the recovery stage in the analysis. Dobutamine, which causes significant tachycardia, may in the highest grade impair signal-to noise ration. In our opinion the quantitative assessment of myocardial deformation during stress test needs further studies utilizing agents which enable lower heart rate, such as dypiridamole. This may improve the signal-to-noise ratio at the peak stage assessment.
Lastly, we assessed myocardial rotation with only one method, without the support of other imaging modalities such as cardiac magnetic resonance imaging. On the other hand, all patients in our study had CAD morphology confirmed by coronary angiography, and its functional significance assessed by DSE echocardiography.
CONCLUSIONS
End-systolic rotation and twist of the LV are both intrinsic features of LV mechanics that remain constant despite the inotropic and chronotropic challenges. However, the significant differences observed between groups with and without CAD indicate that ischemia has an impact on rotational parameters. Impaired basal rotation at recovery together with greater apical rotation at the peak and recovery stages of DSE may indicate significant CAD. Hence, these deformation parameters, especially when confirmed in other types of stress tests, may support the CAD diagnosis during stress echocardiography. 
